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Notch 1 Signaling Regulates
Peripheral T Cell Activation
that Notch plays a critical role in the formation of many
tissues, organs, and complex structures (Kim and He-
brok, 2001; Kageyama and Nakanishi, 1997). Notch sig-
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Following emigration from the thymus, peripheralSummary
T cells possess the ability to differentiate into multiple
specialized subsets such as Th1, Th2, regulatory, mem-Notch signaling has been identified as an important
regulator of leukocyte differentiation and thymic matu- ory, and effector T cells. Many environmental cues have
been identified which promote T cell differentiation intoration. Less is known about the role of Notch signaling
in regulating mature T cells. We examined the role of these subsets. Notch signaling has been described by
different groups to promote such diverse outcomes asNotch 1 in regulating peripheral T cell activity in vitro
and in vivo. Coligation of Notch 1 together with TCR tolerance induction (Hoyne et al., 2000), regulatory T cell
differentiation (Hoyne et al., 1999; Wong et al., 2003;and CD28 resulted in a dramatic inhibition of T cell
activation, proliferation, and cytokine production. This Vigouroux et al., 2003), enhancement of T cell expansion
(Adler et al., 2003; Palaga et al., 2003), inhibition of cyto-effect was dependent on presenilin activity and in-
duced the expression of HES-1, suggestive of Notch lytic T cell activity (Vigouroux et al., 2003), and the regu-
lation of T cell differentiation (Maekawa et al., 2003;1 signaling. Biochemical analysis demonstrated an in-
hibition of AKT and GSK3 phosphorylation following Palaga et al., 2003) and cytokine production (Hoyne et
al., 1999; Wong et al., 2003; Vigouroux et al., 2003). Thus,Notch 1 engagement while other biochemical signals
such as TCR and ERK phosphorylation remained in- the role of Notch in peripheral T cell function is complex
and may be context dependent. Therefore, in the presenttact. Similar effects were observed in vivo in an adop-
tive transfer model. Therefore, Notch 1 signaling may study both natural ligand and monoclonal antibodies
specific for Notch 1 were used to probe the role of thisplay an important role in regulating naive T cell activa-
tion and homeostasis. signal transduction pathway in cell fate determination
in well-defined naive peripheral T cells. Notch 1 engage-
ment in vitro and in vivo led to a rapid inhibition of T cellIntroduction
activation, proliferation, and cytokine production. This
effect was dependent on presenilin activity and corre-The interactions between Notch and its ligands, Delta or
Jagged, constitute an evolutionarily conserved pathway lated with the expression of HES-1 and inhibition of
biochemical signals including phosphorylation of theimportant for cell fate decisions (reviewed in Artavanis-
Tsakonas et al., 1999). Notch engagement by its ligands downstream targets AKT and GSK3. Additionally,
T cells that were stimulated in the presence of Notch 1leads to proteolytic cleavage of the Notch intracellular
domain by presenilin (Struhl and Greenwald, 1999). The demonstrated reduced proliferative capacity upon sec-
ondary stimulation.intracellular fragment of Notch translocates to the nu-
cleus where it interacts with the transcriptional repres-
sor, RBP-J, converting it to a transcriptional activator Results
(Jarriault et al., 1995). Genes that are regulated by Notch/
RBP-J include basic-helix-loop-helix (bHLH) transcrip- Notch Engagement Inhibits T Cell Proliferation
tion factors including hairy and enhancer of split 1 To test the hypothesis that Notch signaling regulates
(HES-1) (Jarriault et al., 1998) which regulate differentia- T cell activity and differentiation, T cell function was
tion at the level of gene transcription (Artavanis-Tsako- examined in a series of assays in the presence of Notch
nas et al., 1999). In many systems, the net effect of ligands. Initially, we utilized a myc-tagged, soluble form
Notch signaling is the delay of differentiation, which of Jagged 1. This recombinant Jagged 1 when immobi-
allows the stimulated cells to adopt an alternative phe- lized on plastic with anti-Myc antibodies had previously
notype at a later time (Artavanis-Tsakonas et al., 1999). been shown to signal through Notch in a C2-C12 myo-
In mammals, a variety of studies have demonstrated blast differentiation assay (Y.H., unpublished data). La-
tex beads were prepared by incubation with antibodies
to CD3, CD28, and Myc. The beads were then divided*Correspondence: jbluest@diabetes.ucsf.edu
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Figure 1. Notch Engagement Inhibits T Cell Proliferation
(A) T cell proliferation in the presence of Jagged 1. Latex beads were coated with anti-CD3, anti-CD28, and anti-Myc. The beads were incubated
in culture supernatants from control or soluble myc-tagged Jagged 1 producing cultures. The beads were washed and added in equal numbers
to freshly isolated CD4 T cells. T cell proliferation was determined.
(B) Antigen-specific proliferation in the presence of Delta-1. A20 cells were transfected with control vector or murine Delta-1. The transfectants
were FACS purified, treated with mitomycin C, and used as APCs for DO11.10 TCR transgenic T cells. The APCs and T cells were incubated
in the absence or presence of OVA 323–339 peptide at 0.1 g/ml, and T cell-proliferative responses were determined.
(C) T cell proliferation and treatment with anti-Notch 1. Bulk splenocytes were isolated, and T cell proliferation was stimulated with anti-CD3.
Control Ig or anti-Notch 1 was added at the indicated concentrations.
(D) Purified T cell proliferation in the presence of crosslinked Notch 1. Naive CD4 T cells were isolated by flow cytometry and stimulated
with beads that had been previously coated with anti-CD3 and anti-CD28 with either control Ig or anti-Notch 1 in a 72 hr proliferation assay.
(E and F) Cytokine production in the presence of Notch 1 engagement. Naive T cells were isolated and stimulated with bead-bound anti-CD3,
anti-CD28, and either control Ig or anti-Notch 1. Culture supernatants were taken at 48 hr of stimulation, and interferon  and IL-2 concentrations
were determined by ELISA.
and incubated separately in control supernatants or su- absence or presence of OVA 323–339 peptide in a prolif-
eration assay. As seen in Figure 1B, T cells stimulatedpernatants from soluble Jagged 1-transfected cells. Na-
ive T cells were purified and incubated for 72 hr with with Delta-1-expressing APCs had an 82.1% reduction
in proliferative capacity as compared to controls (p equal numbers of beads, and T cell-proliferative re-
sponses were determined. T cells stimulated in the pres- 0.05) (Figure 1B).
Previous studies have shown that engagement of dif-ence of Jagged 1 showed a marked (85.1%) decrease
in proliferation as compared to controls (p  0.05) (Fig- ferent Notch family members leads to distinct functional
outcomes. Thus, like in those studies, our use of naturalure 1A). The function of Notch ligation was further char-
acterized in the context of APCs and antigen-driven ligands such as Jagged 1 or Delta-1 could not distin-
guish effects mediated through Notch 1 versus Notchproliferation. For this experiment, T cells were isolated
from DO11.10 mice which express a transgenic T cell 2, 3, or 4. Therefore, we developed a system that would
specifically examine the effects of Notch 1 engagementreceptor specific for ovalbumin peptide 323–339. This
antigen was presented in the context of control or on T cell activation using several different monoclonal
and polyclonal anti-Notch 1 antibodies. SplenocytesDelta-1-expressing A20 B cell lymphoma cells. CD4
T cells were isolated from DO11.10 TCR transgenic mice. were isolated from donor mice and stimulated to prolifer-
ate by the addition of anti-CD3. Control Ig or anti-NotchThe T cells and APCs were incubated together in the
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1 was added in a range of concentrations from 0–10 Inhibited T Cell Proliferation Correlates
with Notch Signaling Transductiong/ml. As shown in Figure 1C, there was a dose-depen-
Because of the dramatic effects seen with antibody anddent inhibition of T cell proliferation in the presence of
ligand engagement of Notch 1, we undertook a series ofan anti-Notch 1 mAb, 8G10 provided by Dr. Ellen Robey.
experiments to determine whether the effects of Notch 1Similar results were observed using another mAb, A6
engagement depended on Notch signaling. Notch sig-from Novus-Biologicals, and a purified polyclonal anti-
nals are induced in a cell-contact-dependent manner.Notch 1 antibody produced by Santa Cruz.
Similarly, Notch signaling induced with recombinant li-Multiple cell types present in the spleen express Notch
gands is thought to require immobilization (Varnum-Fin-1 and could thus be a target of anti-Notch 1 activity.
ney et al., 2000). Therefore, we examined whether theTherefore, naive (CD62Lhi, CD25lo) CD4 T cells were
effects of anti-Notch 1 were dependent upon antibodyisolated from the spleen and lymph nodes of donor mice
immobilization. Plates were prepared by coating wellsby fluorescence-activated cell sorting. The T cells were
with antibodies to CD3 and CD28, and either control Igstimulated with latex beads coated with anti-CD3, anti-
or anti-Notch 1. Naive T cells were labeled with CFSECD28, and either control Ig or anti-Notch 1 mAb. Naive
and added to the plates. For comparison, soluble controlT cells stimulated in the presence of Notch 1 ligation
Ig or anti-Notch 1 was added. As shown in Figure 3,demonstrated a 98% reduction in proliferation as com-
T cell stimulation in the presence of anti-CD3, anti-CD28,pared to control stimulated cells (p  0.01) (Figure 1D).
and control Ig resulted in rapid proliferation with 99.2%This reduced proliferation did not correlate with an in-
of the cells having divided (B). The addition of plate-crease in cell death or downregulation of the TCR (data
bound anti-Notch 1 resulted in a sharp decrease in thenot shown). Supernatants from the control and anti-
cells that had divided (35.6%, [C]), yet it was higherNotch 1-stimulated cultures were harvested at 48 hr and
than unstimulated controls (1.4%, [A]). Stimulation inexamined for the presence of cytokines. As compared
the presence of soluble anti-Notch 1 did not reduceto control stimulated cells, T cells incubated with anti-
proliferation as compared to control (99.1%, [D]).Notch 1 produced low levels of IL-2 and IFN (Figures 1E
To better understand Notch signaling and T cell activ-and 1F, respectively). IL-4 and IL-10 were not detected in
ity, we focused on two hallmarks of canonical Notcheither culture (data not shown). Together these results
signaling: its dependence on the action of presenilin-suggest that engagement of Notch 1 can specifically
dependent -secretase activity and the induction ofinhibit the activation and differentiation of naive T cells.
HES-1 expression. To examine the need for presenilin,
we utilized a specific pharmaceutical inhibitor of prese-
nilin 1, compound E (Seiffert et al., 2000). T cells wereNotch Signaling Prevents Early Activation
incubated in media containing vehicle alone (ethanol)Events in Naive T Cells
or compound E (10 nM) for 30 min prior to stimulation.Naive CD4 T cells (CD25lo, CD62Lhi) were sorted from
The T cells were stimulated with latex beads previouslyspleen and lymph node cells of donor mice. These cells
coated with anti-CD3, anti-CD28, and either control Igwere incubated for 24 hr in culture dishes previously
or anti-Notch 1. T cells stimulated with anti-Notch 1 incoated with control Ig alone (unstimulated, data not
the presence of vehicle had a 99% (p  0.01) reductionshown) or a combination of anti-CD3, anti-CD28, and
in proliferation as compared to control (Figure 4A). Ineither control Ig or anti-Notch 1. At 24 hr, the T cells
the presence of the presenilin inhibitor, T cells that hadwere examined for the surface expression of various
been stimulated with anti-Notch 1 proliferated at levelscell surface markers. As was shown in Figure 1 and
similar to control. Unexpectedly, stimulation of purifiedconfirmed by intracellular staining, engagement of
T cells with anti-CD3 and anti-CD28 in the presence ofNotch 1 on the naive T cells resulted in less than 1% of
presenilin inhibitor resulted in a 34.5% increase in T cellcells producing IL-2 versus 9% in the control population
proliferation. This effect could be enhanced by promot-
(Figure 2). Similar results were obtained for intracellular
ing T cell-T cell contact in round bottom wells (Figure
staining of TNF and IFN (data not shown). Interest-
3B). Thus, not only did it appear as though anti-Notch
ingly, in the cells that were stimulated in the presence activity required a presenilin-dependent activation event
of anti-Notch 1 there was a large population of T cells but even in the absence of intentional Notch 1 ligand,
that showed reduced CD4 expression. This effect was a -secretase-dependent activity controlled T cell
most noticeable in the T cells that were stimulated with expansion. The fact that blocking presenilin enhanced
monensin for the detection of cytokine production where T cell proliferation differs from results published by other
67% of the Notch 1-treated T cells downregulated sur- groups using the same and different inhibitors of presen-
face CD4 expression. ilin (Adler et al., 2003; Palaga et al., 2003). One difference
Finally, we looked for early cell surface markers and is that our experiments utilized purified T cells while in
found significant effects of Notch 1 ligation. Control- their experiments T cells were stimulated in the presence
stimulated T cells upregulated the surface expression of APCs. To investigate the diverse observations, T cells
of both CD25 (35%) and CD69 (51%). By contrast, only were isolated and stimulated in the presence of plate-
7% of Notch 1-stimulated T cells upregulated CD25 or bound antibodies to CD3 and CD28 or in the presence
CD69 (lower panels). The results from the Notch-stimu- of APCs and anti-CD3. These cells were cultured in the
lated cells were comparable to that of unstimulated con- presence of vehicle alone or compound E. Purified
trol cells (data not shown). Examination of forward scat- T cells stimulated in the presence of compound E dem-
ter, CD44, CD54, and CD62L further confirmed that the onstrated enhanced proliferation, while there was a 21%
T cells maintained a “resting” phenotype (data not reduction in T cell proliferation in the presence of APCs
(Figure 4C). Therefore, T cell proliferation in the presenceshown).
Immunity
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Figure 2. Notch Signaling Inhibits T Cell Activation
The effects of Notch engagement on the expression of surface activation markers were determined by flow cytometry. Naive CD4, CD25	,
CD62Lhi T cells were sorted from the lymph nodes and spleens of donor mice. The T cells were incubated for 24 hr in the presence of plate-
bound anti-CD3, anti-CD28, and either control Ig (top panels) or anti-Notch 1 (bottom panels). Following stimulation the cells were stained
for flow cytometry with antibodies to CD4, CD25, CD69, and IL-2. The analysis shown is based on forward and side scatter gates. The numbers
indicate the percentage of cells in each quadrant.
of presenilin inhibitors leads to diverse outcomes de- (Figure 5A). In sharp contrast, the phosphorylation of a
number of downstream targets were shut down bypending on the nature of the stimulus and the cells
present. Notch engagement. As seen in Figure 5B, phosphoryla-
tion of GSK-3 (S9) and AKT (S473) was inhibited withTo directly examine Notch 1 signaling, we assayed
for the expression of HES-1, a known transcriptional very rapid kinetics. AKT has been shown to be an essen-
tial target of CD28/CD3-mediated T cell activation andtarget of Notch signaling. CD4 T cells were isolated
and stimulated for 48 hr with plate-bound antibodies to subsequent proliferation and cytokine production. GSK-
3 has been suggested to be a component of NotchCD3, CD28, and control Ig or anti-Notch 1. HES-1 protein
could be detected by immunoprecipitation and Western activity (Ruel et al., 1993), and its phosphorylation has
been clearly shown to be AKT dependent (Cross et al.,blotting from Notch 1-stimulated T cells (Figure 4D).
Collectively, these results suggest that signaling through 1995). Strikingly, the effects of Notch ligation on AKT
and GSK-3 phosphorylation was observed in as littleNotch 1 results in the loss of T cell activation and prolifer-
ation. as 5 min after TCR/CD28 engagement. These results
suggest that the Notch effects can occur rapidly and in
the absence of transcription.Notch Engagement Alters Selective Downstream
Biochemical Signals in Naive T Cells
Naive T cells are thought to require signals through the Effects of Notch Signaling on Subsequent
T Cell FunctionTCR together with CD28 to achieve full activation. En-
gagement of the TCR and CD28 results in the rapid Given the effects of Notch signaling on T cell activation
and signaling, we examined whether Notch 1 engage-phosphorylation of numerous substrates. On the basis
of the results obtained regarding T cell activation and ment leads to long-term alteration of T cell responses.
This was done using CD4 T cells cultured in platesNotch 1 engagement, we hypothesized that Notch sig-
naling might affect early events in the signaling cascade, previously coated with antibodies to CD3, CD28, and
either control Ig or anti-Notch 1 (primary stimulus). Atperhaps even prior to Notch-mediated transcriptional
activation. Purified naive T cells were activated by anti- 48 hr the T cells were washed from the plates and rested
for 7 days. On day 7 the cells were washed and counted,CD3 and anti-CD28 in the presence or absence of anti-
Notch 1 and examined by Western blot analysis for and the same number of live cells was stimulated with
an optimal stimulus of APCs and anti-CD3 (secondarychanges in early biochemical events involved in T cell
activation. Proximal TCR-mediated signaling events stimulus). In the primary stimulation, Notch 1-stimulated
T cells were significantly inhibited in their proliferationbased on phosphotyrosine staining revealed no detect-
able differences between control and Notch 1-stimu- as compared to controls (99.5%, p  0.02) (Figure 6A).
T cell proliferation in the presence of anti-Notch 1 waslated T cells (data not shown). Similarly, ERK 1, 2 phos-
phorylation was not altered by Notch 1 engagement not responsive to exogenous IL-2 in the primary prolifer-
Regulatory Function of Notch 1
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model of T cell proliferation in vivo. For these experi-
ments, CD4 T cells were isolated from DO11.10 TCR
transgenic mice, labeled with CFSE, and transferred into
BALB/c-recipient mice. One day later the mice were
treated with control Ig or anti-Notch 1 and either vehicle
control or DAPT (N-[N-(3,5-difluorophenacetyl-L-ala-
nyl)]-S-phenylglycine t-Butyl Ester), a presenilin inhibitor
previously shown to function in vivo (Dovey et al., 2001).
The mice were immunized by intravenous administration
of OVA 323–339 peptide and LPS. Three days later the
mice were euthanized, and T cell-proliferative responses
were examined by flow cytometry of spleen (Figure 7)
and lymph node (data not shown) leukocytes. Immuniza-
tion of mice treated with the combination of control Ig
and vehicle or control Ig and DAPT induced a strong
proliferative response with 95.5% and 97.8% of the
transgenic T cells existing in a divided state, respec-
tively. T cells from mice that were injected with anti-
Notch 1 and vehicle demonstrated a sharp reduction in
the percentage of divided cells (46.2%). Treatment with
the combination of anti-Notch 1 and DAPT resulted in
an increase in the percentage of cells that had divided
(88.1%). These results suggest that agonist activity of
anti-Notch 1 can suppress T cell responses to antigen
in vivo in a presenilin-dependent manner.
Discussion
Notch signaling is an evolutionarily conserved pathway
regulating tissue and cellular differentiation. Notch func-
tions in establishing binary cell fates by inhibiting prodif-
ferentiation stimuli (Artavanis-Tsakonas et al., 1999).
This maintains the cell in an undifferentiated state and
allows the adoption of a different cell fate when subse-
quent stimuli are present (Artavanis-Tsakonas et al.,
1999). In the immune system, Notch signaling is inti-
mately involved in the process of T versus B lymphocyte
differentiation from a common lymphocyte precursor
Figure 3. Effects of Notch 1 Engagement Require Antibody Immobi- (Pui et al., 1999). In this interaction, Notch signals pro-
lization vided to the cell prevent differentiation toward B cells
Naive CD4 T cells were isolated and labeled with CFSE. T cells were which allows the cell to adopt a T cell fate. Like lympho-
incubated in the presence of plate-bound and soluble antibodies. cyte precursor cells, peripheral CD4 T cells possess
(A) Wells were coated with control Ig, and control Ig was added to the ability to differentiate into diverse cell types such
the media.
as Th1, Th2, regulatory cells, and memory cells. These(B–D) The culture wells were precoated with anti-CD3, anti-CD28,
studies were designed to test the hypothesis that Notchand either control Ig (B and D) or anti-Notch 1 (C). To the media in
1 signaling regulates peripheral T cell activation and dif-each well was added control Ig (B and C) or anti-Notch 1 (D). CFSE
dilution was determined by flow cytometry at 72 hr using forward ferentiation.
and side scatter gates. The numbers shown indicate the percentage T cell stimulation in the presence of Notch ligands
of cells that have divided (in box) relative to total gated events. resulted in a reduction in T cell proliferation. Because
there are multiple Notch family members, a reductionist
approach was utilized to examine the specific role of
ation culture. T cells that had been previously incubated Notch 1 on the naive T cells. When purified T cells were
with the T cell stimuli in the presence of control antibody stimulated in the presence of immobilized anti-Notch 1
proliferated vigorously in the secondary culture (Figure mAb, we observed a profound inhibition of T cell activa-
6B). In contrast, T cells that had been previously stimu- tion and a dramatic loss of proliferation and cytokine
lated with anti-Notch 1 showed a 93% reduction as production. This effect was dependent on the delivery
compared to controls. Addition of IL-2 to the prolifera- of a Notch signal as it was presenilin dependent and
tion culture did not restore proliferation from the Notch correlated with the expression of HES-1. It is important
1-stimulated cells. to note that Notch 1 engagement did not completely
prevent early T cell activation events. The phosphoryla-
tion of key components of the TCR complex was notIn Vivo Analysis of Notch Function
Because of its powerful effects in vitro, we examined altered by Notch 1 crosslinking; neither was the phos-
phorylation of ERK 1, 2. By comparison, the phosphory-the effects of Notch 1 engagement in an antigen-specific
Immunity
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Figure 4. Effects of Notch 1 Engagement Re-
quire Presenilin and Induce HES 1 Expression
(A) Effects of Notch 1 engagement are depen-
dent on presenilin activity. CD4 T cells were
isolated and stimulated with beads previously
coated with anti-CD3, anti-CD28, and either
control Ig or anti-Notch 1. In replicate wells,
vehicle alone or compound E (10 nM) was
added.
(B) Blocking presenilin enhances T cell prolif-
eration. Purified CD4 T cells were stimulated
in round-bottomed culture plates that had
been previously coated with anti-CD3 and
anti-CD28. Vehicle or compound E (10 nM)
was added to each well.
(C) Diverse effects of presenilin inhibitors in
T cell stimulation. Purified T cells were stimu-
lated with plate-bound anti-CD3 and anti-
CD28 (upper panel) or APCs and soluble anti-
CD3 (lower panel) in the presence of vehicle
or compound E (10 nM).
(D) Engagement of Notch 1 induces expression of HES-1. Naive CD4 T cells were isolated by flow cytometry. 108 cells per group were
stimulated for 48 hr in the presence of beads coated with anti-CD3, anti-CD28, and either control Ig or anti-Notch 1. At the end of culture,
the cells were lysed, and immunoprecipitation and Western blotting were performed for HES-1.
lation of AKT and GSK3 was disrupted. AKT plays an quired for full activation. Although we have not identified
AKT as a direct target of Notch signaling, defects in AKTimportant role in T cell activation and function. It is
phosphorylation suggest that this kinase is an importantinvolved in both TCR and CD28 signaling cascades re-
direct or indirect Notch target in preventing full activa-
tion of the T cells. Furthermore, the rapid nature (within
5 min) of the defects in AKT and GSK3 phosphorylation
suggests that Notch functions not only as a transcrip-
tional regulator but also as a biochemical inhibitor of
cellular differentiation.
During the past several years, several groups have
suggested that Notch signaling negatively regulates
T cell differentiation in in vivo models. Using viral trans-
duction to express Jagged 1 on APCs, Hoyne et al.
demonstrated that delivery of TCR and Notch stimuli
resulted in antigen-specific tolerance (Hoyne et al.,
2000). Similar observations have been made by Brenner
and colleagues showing that transduction of Epstein-
Barr virus-positive lymphoblastoid cell lines with Jagged
1 inhibited induction of virus-specific memory T cells as
well as alloantigen-specific proliferation and cytotoxic
T cell activity (Vigouroux et al., 2003). Finally, Wong et
al. demonstrated in mice that constitutive expression
of Delta on alloantigen-bearing APCs induced antigen-
specific unresponsiveness both in vivo and in vitro. The
data presented herein demonstrates that these effects
are a direct consequence of the blockade of T cell activa-
tion signals (Wong et al., 2003). However, it should be
pointed out that these inhibitory effects of Notch activa-
tion are not uniformly observed. Some studies have sug-
gested that, rather than inhibit T cell responses, acti-
vated Notch promotes T cell function. Adler et al.
observed that downstream targets of Notch were ex-
pressed during T cell activation. Moreover, retroviral
Figure 5. Biochemical Analysis of T Cell Activation expression of the intracellular domain of Notch in acti-
Naive CD4 T cells were isolated and stimulated for 5, 10, or 30 min vated T cells resulted in the ability to proliferate to ex-
with beads coated with anti-CD3 and B7-1Ig and either control Ig tremely low doses of antigen, at least 10-fold below that
or anti-Notch 1 (A) or antibodies to CD3, CD28, and either control which supported the response of normal T cells (Adler
or anti-Notch 1 (B). Cell lysates were made and Western blotting
et al., 2003). Another study by Palaga et al., which em-performed using antibodies directed to phosphorylated epitopes on
ployed both genetic and pharmacological approaches,(A) ERK 1, 2 (T202, Y204), and (B) GSK-3/ (S21/9), AKT (S473).
showed that inhibition of Notch activation resulted in aTo demonstrate equal loading for GSK and AKT, parallel Western
blots were performed for total AKT. blockade of TCR-induced proliferation, decreased NF-
Regulatory Function of Notch 1
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Figure 7. Treatment with Anti-Notch 1 Inhibits T Cell Expansion
In Vivo
CD4 T cells were isolated from DO11.10 TCR transgenic mice
and labeled with CFSE. The T cells were transferred into BALB/c
recipients. The mice were treated with hamster control Ig or anti-
Notch 1 and either vehicle alone or vehicle containing the presenilin
inhibitor DAPT. The mice were then immunized with OVA 323–339
peptide dissolved in PBS containing 5g/ml LPS. Three days follow-
ing immunization, in vivo proliferative responses were determined
by flow cytometry. The shown results are gated on forward scatter,
side scatter, and CD4 events.
Figure 6. Notch-Stimulated T Cells Have Reduced Proliferative Ca-
may function quite differently in T cells at differentpacity
stages of activation, maturation, and differentiation. In(A) Stimulation of T cells in primary proliferation. Naive T cells were
addition, depending on the environmental milieu andisolated and stimulated with plate-bound anti-CD3, anti-CD28, and
either control Ig or anti-Notch 1. Recombinant IL-2 (20 U/ml) was ligand expression, Notch signaling may either promote
added to the indicated wells. or inhibit T cell differentiation in the periphery.
(B) Proliferation of Notch 1-stimulated T cells in secondary re- An additional finding in this study was the observation
sponses. T cells were stimulated for 24 hr with plate-bound antibod-
that Notch 1 engagement has long-lasting effects onies to CD3, CD28, and either control Ig or Notch 1. At 24 hr the cells
T cells. Although the T cells did not proliferate or differ-were isolated from the plate and washed in fresh media, and then
entiate, the Notch 1-stimulated cells survived in culturerested for 7 days. On day 7, the same number of live cells were
added to each well and stimulated with APCs and anti-CD3. IL-2 for up to 1 week without stimulation or the addition of
(20 U/ml) was added as indicated. IL-2 but remained unresponsive for at least a week in
culture (Figure 6). In this regard, the T cells had lower
rates of apoptosis than naive or control-activated cells
(data not shown). Notch signaling has been identified asB activity, and decreased IFN production (Palaga et
al., 2003). Finally, Maekawa et al. utilized Delta-1Fc to providing antiapoptotic signals. Recent results in T cells
demonstrate that Notch signals inhibit the activity ofdemonstrate that Notch 3 engagement on CD4 T cells
stimulated T-bet expression promoting T cell differentia- Nur77-dependent apoptosis (Palaga et al., 2003). Finally,
it is important to note that the diminished capacity Notchtion toward a Th1 phenotype (Maekawa et al., 2003).
Several explanations can be proposed to explain these 1-activated T cells to mount proliferative responses to
subsequent optimal stimuli was not reversed by the ad-conflicting results. The experimental approaches were
quite different in that in one set of studies the function dition of IL-2. Thus, at this point it is not clear whether
these cells exist in a unique unresponsive state.of Notch was interrogated using overexpression of li-
gands on APCs while, in the other studies, ectopic ex- Finally, it is interesting to speculate on what role Notch
1 might play in vivo during an immune response. In orderpression of the intracellular domain of Notch in cycling
T cells was the primary means of studying Notch activity. for naive peripheral T cells to participate in inflammatory
processes, they must go through the necessary pro-Moreover, several of the studies used bulk cell popula-
tions containing APCs as well as naive and memory cesses of activation, expansion, and differentiation.
Notch may play a role at any or all of these stages. InT cells. In this regard, our results demonstrate that treat-
ment with presenilin inhibitors can have disparate ef- this regard, the Notch ligands, Jagged and Delta, are
widely expressed in lymphoid tissue. In preliminary re-fects based on the stimulus and which cells are present
(Figures 4 and 7). Additionally, we have observed that sults we have observed that blockade of Notch signaling
during the earliest stages of naive T cell activation duringthere is no effect or even enhanced proliferation when
Notch 1 is engaged on activated T cells (T.N.E., unpub- inflammatory antigen engagement in vivo enhances im-
munity. Thus, it is interesting to speculate based on thelished data). Thus, Notch activation in peripheral T cells
Immunity
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sulfate-modified polystyrene beads (Interfacial Dynamics, Portland,evidence presented in this study that Notch 1 may be
OR) were coated by incubation with PBS containing the indicateda central regulator of immune responses in naive T cells.
concentration of antibodies. To ensure equal binding, the total con-Although the immune system is clearly poised to recog-
centration of antibodies was equilibrated to 15g/ml by the addition
nize, respond, and destroy a wide array of pathogens, of control Ig. Additional protein binding to the beads was prevented
Notch 1 may play a critical role in keeping naive T cells by incubating the coated beads in 10% FCS-containing media for
1 hr at 37
C prior to use. T cells were stimulated with equal numbersin a quiescent state in lymphoid tissues. Without the
of the indicated beads per well. Results shown are the mean ofappropriate signals (such as those delivered via innate
triplicate wells  SEM and are representative of at least three sepa-immune receptors) no response occurs, even in the
rate experiments.presence of antigen. Additional studies targeted at look-
ing a the role of Notch 1 during this resting state will
Western Blotting and Immunoprecipitation
hopefully help to both define the physiologic importance T cells were stimulated for the indicated time with bead-bound
of this pathway in vivo and provide new insights into antibody. The cells were lightly centrifuged to facilitate contact with
the role of this fundamental cell determination pathway the beads and then rapidly placed at 37
C for the indicated time.
To terminate the experiment, the cells were centrifuged, washed,in the peripheral lymphoid system.
and immediately frozen. The cells were thawed in lysis buffer (0.5%
Triton X-100, 50 mM Tris, 150 mM NaCl, 5 mM EDTA, 1 mM Na3VO4,Experimental Procedures
10 g/ml leupeptin, 10 g/ml aprotinin, and 0.1% PMSF). The sam-
ples were then subjected to centrifugation. Sample buffer wasAntibodies and Recombinant Proteins
added, and the samples were boiled for 10 min. The lysate equivalentHamster and rabbit control Ig were purchased from Jackson Immu-
of 1  106 cells was loaded per lane. Proteins were resolved bynoresearch (West Grove, PA). Monoclonal anti-Notch 1 (8G10) (Ro-
SDS-PAGE and transferred to PVDF membrane (Millipore, Bedford,bey, 1997) was isolated from culture supernatants by ammonium
MA). Blots were probed with antibodies to phosphotyrosine (Amer-sulfate precipitation (Coligan et al., 2001), dialyzed, and then con-
sham), HES-1 (Santa Cruz Biotechnology, Santa Cruz, CA), phos-centrated using Centricon concentrators (Millipore, Millerica, MA).
pho-AKT (S-473), phospho-GSK-3/(S21/9), and phospho-ERK 1,Concentrations of purified 8G10 antibodies were determined by
2 (T202, Y204) (Cell Signal Technology, Beverly, MA). Blots wereELISA. Monoclonal anti-Notch 1 (A6) was purchased from Novus-
developed using SuperSignal West Pico Substrate (Pierce, Rock-Biologicals (Littleton, CO). Rabbit polyclonal antibodies to HES-1
ford, IL) using a Kodak Image Station 440CF (Eastman Kodak, Roch-and Notch 1 were purchased from Santa Cruz Biotech (Santa Cruz,
ester, NY). Immunoprecipitations were performed using protein ACA). Fluorochrome-conjugated antibodies specific for CD25, CD44,
(Pierce) beads previously loaded with anti-Hes-1 antibodies (1CD54, CD62L, CD69, IFN, IL-2, TNF, and v8 were purchased
g/ml) (Santa Cruz Biotechnology, Santa Cruz, CA). Whole-cell ly-from BD Pharmingen (Mountain View, CA). Recombinant Annexin V
sates from 2  108 cells per condition were prepared in lysis bufferwas purchased from Southern Biotech (Birmingham, AL). Anti-CD3
followed by disruption of cells by repeated freeze/thaw cycles and(145-2C11) and anti-CD28 (PV-1) mAbs were purified as previously
passage through an 18 g needle. The lysates were centrifuged andreported (Walunas et al., 1994). KJ1-26 and B7-1 Ig were purchased
then incubated with the protein A beads. The protein A beads werefrom R&D Systems (Minneapolis, MN).
washed and then boiled in sample buffer. SDS-PAGE was performed
and proteins transferred as above. Blots were performed using anti-Mice
Hes-1 antibodies, and blots were developed as above.Five- to six-week-old NOD and BALB/c mice were purchased from
Jackson (Bar Harbor, ME). BDC2.5 (Katz et al., 1993) and DO11.10
Flow Cytometric Analysis(Murphy et al., 1990) TCR transgenic mice were bred in the UCSF
Cells were prepared for flow cytometry as described previouslymouse facility. Mice were housed under specific pathogen-free con-
(Griffin et al., 2001). To detect intracellular cytokine accumulation,ditions in the UCSF animal care facility in accordance with IACUC
cells were stimulated and monensin (Sigma) was added for the finalguidelines with standard laboratory chow and water ad libitum.
6 hr of culture. Antibodies directed against cell surface markers
were added followed by PBS washes and fixation with 2% paraform-T Cell Isolation
aldehyde (Sigma). The cells were permeabilized and stained for theT cells were purified from bulk spleen and lymph node populations
indicated cytokine in PBS containing 1% FBS (Hyclone, Logan, UT)using an AutoMACS magnetic cell sorter (Miltenyi Biotech, Auburn,
and 0.1% saponin (Sigma). Data collection was performed on aCA). Typical purities were in excess of 90%. Naive T cells were
FACSCalibur flow cytometer (Becton-Dickinson, Mountain View, CA)isolated using gates to include CD4, CD25	, CD62Lhi events on a
using forward and side scatter gates.MoFlo fluorescence-activated cell sorter (DAKO Cytomation, Fort
Collins, CO).
CFSE Dilution Assays
In Vitro Culture and Proliferation Assays Purified naive CD4 T cells were isolated from DO11.10 TCR trans-
T cells were cultured for the indicated time at a density of 5  106 genic mice. The T cells were washed twice with PBS and incubated
cells per well in 24-well plates containing 2 ml of DMEM culture in PBS containing 5 M CFSE (Molecular Probes, Eugene, OR).
media supplemented as previously described (Jenkins et al., 1990). Labeling was quenched immediately by the addition of fetal bovine
Proliferation assays were carried out in 96-well micro titer plates serum (HyClone). The cells were counted and used in in vitro (de-
with T cells at a density of 5  104 cells/well in 200 l DMEM (Griffin scribed above) or in vivo assays. For in vivo proliferation assays,
et al., 2001) in the absence (background) or presence of the indicated 5  106 T cells were transferred into naive BALB/c-recipient mice.
stimulus. In some experiments, the presenilin inhibitor, compound Mice were immunized by intravenous injection of 5 g Ovalbumin
E (10 nM), or vehicle (ethanol) was added to DMEM media containing (OVA) 323–339 peptide (ISQAVHAAHAEINEAGR) (synthesized by
1% ethanol. Recombinant human IL-2 (Chiron Corp., Emeryville, CA) Peptides International, Louisville, KY) dissolved in 200 l PBS con-
was added to some experiments as indicated. Cultures were pulsed taining 5 g LPS (Sigma) as indicated. Mice receiving in vivo treat-
at 48 hr with 1 Ci of 3H-thymidine, and at 72 hr 3H-thymidine uptake ments with presenilin inhibitors were given an intraperitoneal injec-
was determined by scintillation counting. Results are expressed as tion containing 1 mg of DAPT dissolved in 200 l of vehicle consisting
mean of triplicate cultures  SEM. All results are representative of of a 10% mixture of ethanol and olive oil (Sigma). Mice were injected
at least three separate experiments. with 50 g of 8G10 monoclonal anti-Notch 1 or hamster control Ig
(Jackson Immunoresearch). Proliferation was determined by flow
cytometry as indicated by the loss of CFSE fluorescence. TransgenicIn Vitro Stimulation Assays
Twenty-four and 96-well culture plates were coated by overnight T cells were identified by labeling of CD4, KJ1-26 T cells. Measure-
ment of cell cycle progression was accomplished by drawing gatesincubation with PBS containing anti-CD3 (1 g /ml), anti-CD28 (1
g/ml), and either control Ig or anti-Notch 1 (0.5 g/ml). Five micron correlating to each cell division. The percentages of cells that had
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divided was determined by dividing the total number of transgenic Jarriault, S., Le Bail, O., Hirsinger, E., Pourquie, O., Logeat, F.,
Strong, C.F., Brou, C., Seidah, N.G., and Isra l A (1998). Delta-1T cells that had diluted CFSE by the total number of transgenic
T cell events. activation of notch-1 signaling results in HES-1 transactivation. Mol.
Cell. Biol. 18, 7423–7431.
Constructs and Transfection Jenkins, M.K., Chen, C.A., Jung, G., Mueller, D.L., and Schwartz,
The control (MIGR1) and full-length Delta-1 (MIGR1 Delta) retroviral R.H. (1990). Inhibition of antigen-specific proliferation of type 1 mu-
constructs containing bicistronic GFP expression (described in rine T cell clones after stimulation with immobilized anti-CD3 mono-
Schmitt and Zuniga-Pflucker, 2002) were the kind gift of Juan Carlos clonal antibody. J. Immunol. 144, 16–22.
Zuniga-Pflucker. A20 B cell lymphoma cells were transfected with Kageyama, R., and Nakanishi, S. (1997). Helix-loop-helix factors in
control vector alone or with Delta-1 by electroporation using a Gene growth and differentiation of the vertebrate nervous system. Curr.
Pulser (BioRad) with 10 g DNA per 0.5 ml DMEM in a 0.4 cm gap Opin. Genet. Dev. 7, 659–665.
cuvette (BioRad). The electroporation settings were 370 v, 960 F.
Katz, J.D., Wang, B., Haskins, K., Benoist, C., and Mathis, D. (1993).Three days later GFP-positive cells were sorted by flow cytometry
Following a diabetogenic T cell from genesis through pathogenesis.on the basis of GFP expression. These cells were expanded for a
Cell 74, 1089–1100.further 3 days, treated with mitomycin C (Sigma) and used as indi-
Kim, S.K., and Hebrok, M. (2001). Intercellular signals regulatingcated. The construct for myc-tagged human Jagged 1 (amino acids
pancreas development and function. Genes Dev. 15, 111–127.1–393) was provided by Dr. Yiping He. Jagged 1 was transiently
expressed in 293 cells using lipofectamine (Invitrogen). Superna- Maekawa, Y., Tsukumo, S., Chiba, S., Hirai, H., Hayashi, Y., Okada,
tants from transfected cells were used as described above. As con- H., Kishihara, K., and Yasutomo, K. (2003). Delta1-Notch3 interac-
trols, equal volumes of supernatants from untransfected 293 cell tions bias the functional differentiation of activated CD4 T cells.
cultures were used. Immunity 19, 549–559.
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